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ABSTR.ACT'

The positron annihilation technique is used in this study as a microscopic probe to investigate

vacancy-type defects in Cz-silicon material.

In examining the distribution of defects across six inch wafers which has been grown with

different pull speeds, we have observed no systematic variation in the lifetime characteristics.

These observations lead us to conclude that there is no obvious relationship between the pull

speed and the vacancy concentration and distribution across the wafers.

The investigations of B-doped and Sb-doped materials show that vacancies can be retained after

growth at a concentration of 
-3xl016 

cm-3.

Rapid Thermal Annealing (RTA) and furnace annealing are found to increase the vacancy

concentration. The vacancies are then trapped by oxygen cluster complexes in lightly B-doped

materials and these complexes appear to have temperature dependent configuration which can be

quenched-in by rapid cooling. In heavily Sb-doped materials, Sb appears to be the dominating

vacancy trap.

For the thermal donor formation kinetics study, the first set of samples investigated are B-doped

p{ype material codoped with carbon impurity. The results show that during the thermal donor

generation at 4500C the monovacancy response decreases relative to the divacancy response after

32h of annealing time. RTA of thermal donors show a complex process which begins to take

place at 725oC during which the divacancies convert into monovacancies. No correlation was

evident between thermal donor concentratitln and vacancy response.

The seconcl set of samples investigated are B-doped without any carbon codoping. The results

reveal a different effect from the C-doped samples.
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X"1. TNT'ROÐ{JCTTON

The discovery of the positron, or antielectron, was an important consequence of the theoretical

and experimental development of quantum mechanics in physics.

The story began in 1926 when Gordon antl Klein formt¡lated a relativistic quanturn nlechanical

theory, which gave negative energy solutions for the electron (1). Four years later Dirac

published "A Theory of Electrons and Protons" where he postulated his famous "hole" theory,

in which the positron was viewed as a missing electron ( a "hole") in the "sea" of electrons all

with negative energy. Dirac stated in this theory that an electron (with positive energy) could

jump into the "hole", and energy will be released by ernission of 7-quanta. Dirac's equation had

two solutions for the total energy of the electron, E:+(f&+^o'"0)''', where p is the

momentumoftheelectron,cisthevelocityoflight,andmoistherestmassoftheelectron. The

energy would reach values between moc2** ancl -moc2--* The continuum of states from

-moc2-o-- was occupiecl by electrons with negative energies. When a'y-ray with an energy larger

than2moc2 interacts with one of the electrons with negative energy, the electron would be lifted

into a positive state, leaving a "hole" which would behave as a positively charged particle (2).

The annihilation process takes place by the falling-down of the electron with positive energy into

the "hole", and 7-quanta with a total energy of E=2moc'+E**E- (where moc2 is the rest mass

of electron ancl positron, and E+, E- is the kinetic energy of the positron and electron

respectively) woulcl be emitted (see figure 1.1 Ref. 149).

In 1933 Anderson showed experinrentally the existence of a positively chargecl particle with a

mass similar to the mass of an electron by using the Wilson cloucl chamber (3). In the presence

of a strong magnetic fielcl, the tracks on a photographic plate were observed to be causecl by a
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Figure 1.1 : A schematic representation of "Hole-Theory".

positively charged particle which had a mass closer to that of the electron than that of the proton.

Blackett and Occhialini (a) gave further experimental evidence of the existence of the positron

in a paper published in 1933 which confirmed the observations of Anderson. One year later, it

was shown by Thibaud (5) that the positron could annihilate with an electron by emission of two

7-quanta, each with an energy of 0.5i1 Mev. Klemperer also demonstrated thatthe quanta were

emitted in coincidence and in opposite directions (6). For further readings on the discovery of

the positrons, see reference (7).

The applications of the positron annihilation techniques (PAT) for the study of materials began

in 1942 when De Benedetti et aI (8) investigated the lifetime of positrons in different metals.

From that time on the positron annihilation technique became a very useful probe in the field of

defect studies of materials. The technique proved to be very sensitive to clifferent vacancy type
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defects such as vacancies, vacancy clusters, voids, and possibly dislocations. The non destructive

feature of this method gives an important advantage in extracting inforrnation about the nature

and the concentration of defects which may be revealed in the characteristics of the positron

annihilation. There are usually three methods of positron annihilation used in order to extract

information about the annihilation quanta (see figure 1.2 Ref. 149); Doppler broading

measurements, the angular correlation measurements (these two methods give information abclut

electron momenta), and the positron lifetirne measurements. The work presented in this thesis

deals only with the use of the positron lifetime measurements which gives information about the

electron density. The method will be explained in more detail in the following chapters.

DOPPLER
ELECIIìON

3rìoADENTNG -[;
1"1_o_11_El !Y_ Ju

Figure 1.2 : Schematic representation of the life of a positron. The detection of the emitted 7-
quanta is the base of positron annihilation technique.

What is a clefect? A great deal of work had been carried out by scientists in this field in order

to find out the nature of a defect. The crystalline defect generally speaking means any region

where the microscopic arrangement of ions differs drastically from that of a perfect crystal (9).

The defects are classified into three categories ; Point defects, line defects, ancl surface defects,

accorcling to whether the imperfect region is bounded on the atomic scale in one, tlvo, or three

climensions. There is a wide variety of defects but we will mainly be investigating in this work
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the point defects, more specifically vacancies and vacancy clusters. Vacancies and interstitials

are point clefects consisting of the absence of ions or presence of extra ions. Their presence is

a nornral thermal equilibrium phenomenon, so tlÌey can be an intrinsic fèature of real crystals.

Such defects are responsible for the observed electrical conductivity of ionic crystals, ancl also

can alter their optical properties. Another type of defects we may briefly come across is

clislocations. The dislocation is the line of demarcation between two regions of a crystal, one of

which has slipped relative to the other (10). These defects can be produced when a crystal is

irradiated by sufficiently energetic particles (radiation damage) or by deformation. Dislocations

are responsible in explaining the observecl strength (or rather the lack of shear strength) of real

crystals. The illustrations of different kinds of defects are shown in chapter four.

Metals are characterized by high electrical conductivity, because a large number of electrons in

a metal is free to move. These free electrons are called conduction electrons. The outer

electrons of the atom become the concluction electrons of the metal (l l). Metallic conductivity

is typically between l0a and t06 (0cm)-l while typical insulators have conductivities of less than

l0-10 (gcm)-1. Some solicls with concluctivities between 10-10 ancl 10a (0cm)-l are classified as

semicotlductors, These are covalently bondecl. Without going into a lengthy discussion on this

subject, since it is beyoncl the scope of this work, the important feature is that semiconductors

have an energy gapbetween the valence ancl the conduction energy bands while semi-metals and

metals have no such gap. The cliff'erence between semiconductors and insulators is a matter of

the numerical value of the energy gap. As the temperature approaches absolute zero, pure

semiconcluctors become insulators. Likewise the semiconductors beconre nearly metallic when

heavily dopecl.' Typical elemental semiconrluctors are silicon, diamond and germatlium all

belonging to the fourth group of the periodic table. In the third group, the lightest element boron

is also consiclerecl se¡niconcluctor. 'fhe lightest element of the fìfth group is antimony, rvhich may

5



be classified as semiconcluctor (12). 'lhe behavi<;ur of semiconductors is not restricted only to

solids, butthere are compouncl, liquicl, ancl some aromatic hyclrocarbon semiconcluctors. Further

explanation will be given in the follorving chapters regarding the physics of semiconductors.

The study of defects in semiconductors and metals has mainly three goals ; (l) the identification

of the defects, (2) the understanding of hoiv the defects are introduced (and removed), and (3)

the understanding of the changes in the physical properties caused by those defects. There are

many techniques by which defects are introduced into semiconductors and metals, eg., quenching

for high temperatures, plastic deformation, irradiation by neutrons, by heavy charged particles

or by electrons, thermal annealing and other techniques as well (13). Quite generally, a

senliconcluctor is ir¡trû¡sic if its electronic properties are donrinated by electrons thennally excited

from the valence to the concluction band, and extrinsic if its electronic properties are donlinated

by electrons contributed to the conduction band by impurities (or captured from the valence band

by impurities). Impurities that contribute to the carrier density of a semiconductor are called

donors if they supply additional electrons to the conduction band, and acceptors if they sLrpply

additional holes to i.e., capture electrons from the valence band (14).

In an n-type semiconductor the impurity or donor atoms have one more valence electron than the

atoms composing the crystal lattice. These donor atoms readily donate their extra valence

electron to the conduction band, thus producing mobile electrons in the conduction band to carry

current and positively charged donor atoms or ions locked in the lattice. In a p-type

semiconcluctor the ilnpurity or acceptor atoms have one less valence electron than the atoms

composing the lattice. These acceptor atoms readily attract electrons from the valence band, thus

proclucing rnobile positive holes in the valence bancl to carry current and negatively charged

acceptor ato¡rs or ions locked in tlre lattice (15).'l'he charge state of a clefect corresponds to the

number of the carriers which remain lclcalizetl on the site of the defect. The concentration of a

6



defect in a given charge state is cletermined by the position of the Fermi level as compared to the

position of the localizecl electronic state associated rvith the defect. Thus, the charge state will

clepend on the temperature, the doping impurity concentration and the concentrati(lns of other

<leep levels (16). Defects in semiconductors can have a positive charge which will make them

undetectable for the positrons.
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2--! Annihihfion of nosifrons

When a positron frr¡m the radioactive source is injected into a sample, the kinetic energy is

usually several hundred keV. This energy is rapidly lost by collisions with the atoms of the

medium, (the slow-clown process) which normally takes l0-ll to 10-12 sec in solicls. Only a very

small portion of positrons annihilate during this process (17). The mean implantation range is

typically 100¡^rm. The thermalized positrons can annihilate through several processes. They may

annihilate from a free state or from some bound state withirì a molecule or a defect, or they may

annihilate from a state where it is bound to one electron only (this bound state is the so-called

positronium atom). The lifþtime of positrons is characteristic of each material and varies from

CMAT}T'EFE. 'TWC¡

No-22

Ø ts-tÂv-' l

rT-r77-7

Y ----il\/L-r

Figure 2.1 : Positron annihilation lifetinle experiment.

100 to 500 ps. Figure 2.1 (Ref. l8) shows schematically the positron annihilation lifetime

experiment. The positrons fiom the rnost cornmonly usecl radioactive isotope 22Na annihilate in

the sample material. The nucleus emits a l.2B MeV photon within a few picoseconds after the

511 K eV o"-
#Y

511 KeV



positron emission which serves as a birth signal. The time delay between the birth and tle

subsequently emitted annihilation gammas is the lifetime measurement of the positron. The

momentum of the annihilating electron-positron pair can tre detected as a small angle deviation

from collinearity between the two 5ll keV photons. The motion of the pair also causes a

Doppler shift of the annihilation radiation and can be detected by an accurate energy

measurements of one of the photons (18).

The positr<ln-electron annihilation is a quantum phenomena where the particle masses are

converte<l into electronragnetic energy. 'l'here are several ways in which the anniltil¿ttion of a

positron with an electron will occur. One-gamma annihilation is possible only in the presence

of other bodies, which absorb the recoil momentum. This process is very rare, and it is mainly

interesting from a theoretical point of view. The main process is the two-gamma annihilation

which requires that the photons are emitted in opposite directions in the centre of the mass system

in order to conserve momentum, each of the gamma rays carrying half of the energy of the

process. The three-gamma annihilation is important only in a spin-correlated state like ortho-

positroniurn, where the selection rules forbid the two-gamrna annihilation process.

From the non relativistic limit of the 2 7-annihilation cross section derived by Dirac one obtains

the annihilation probability per unit tirne or the annihilation rate À= zrro2cn" which is indepenrlent

of the positron velocity. Here ro is the classical electron radius, c the velocity of light and n" is

the electron, clensity at the site of the positron. The electron clensity of the medium can,

however, not be obtained by detennining the annihilation rate À, because the opposite charges

of the electron and the positron creates a strong enhancement of the local electron density n" from

the equilibrium value. Calculation of these positron-electron correlations is a complicated

many-body problern which is well understood only in the case of the electron gas (19). The

enhancement is typically in the order of 4, but depends on the electron density.

10



2-2 Fositron T'hennralization

It has long been shown that rvhen a fast positron from a radioactive source penetrates a solid, it

interacts with electrons and nuclei ancl so losses gradually its kinetic energy until it lrecomes

thermalized. Elastic collisions with electrons result in ionization or electronic excitations

depending on the energy transferred to the electrons. In inelastic collisions with nuclei, a

positron can lose energy by emitting radiation, by creating phonons or even by atomic

clisplacements. Thermalization justifies the assumption that the momenta of positrons are small

compared to the momenta of the electrons with which they annihilate. In metals, electron

excitation clominates the inelastic-scattering process. The stopping power, 'S=-dE/dr, ie. the

energy loss per unit clistance traversed of a medium for swift particles is usually calculated in

terms of a "continuous slowing-down apprclximation", according to which energy losses occur

almost continuously in small portions through collisions with electrons in the medium.

The stopping power, which is practically constant and equal to lMeV/gcm between 0. I and l0

MeV, increases by one order of magnitude when E decreases from 0. I MeV to 0. I keV

according to the Bethe expression :

where I is the mean excitation energy ancl N the density of atoms with atomic number Z. The

mean energy loss per path length alter reaching a maximum value arouncl E=20eY decreases

very rapiclly. In metal that decrease results from the fact that core ionization and plasmon

excitation clisappear, Moreover, below 10 eV the electron-hole excitation becomes less efficient

since its energy loss rate clecreases as 82. In metals, electron hole scattering rentains allowed

until thermal energies. In insulators electron hole excitation is limited to positronenergies larger

1i
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than the enet'gy gap. To achieve complete positron thermalization, phonon creation becomes the

predominant process. In any case, the mean energy loss rate of epithermal positrons is a rapidly

clecreasing function of the positron energy. The total thermalization time rtn:10-lls is

nevertheless short comparecl to the lifetime of positron in matter r>10-l0s (20).

The depth distribution of the thermalized positrons in the sample is well described by:

where x is the distance from the surface of the sample and cv is given by:

E,.,.,o* is the end point energy of the positrons (0. 54 MeV) and p is the density of the samples in

glcm3. For silicon a equals 96cm-1, which means that essentially all positrons annihilate within

a depth of 0.2mm (the average penetration clepth is Llu:0.1 mm for silicon). The 22Na positron

source is therefore only suitable for bulk studies and can not practically be used for investigations

of thin films ( < 10¡rm) or surfaces. For such studies slow positron beams are used with kinetic

energy tunable from a few eV to several kev (21).

2.3 Positron X-ifetir¡res

dp(x)=o.exp(-ax)dx

o=17 plE,,.,u*l'43

The rate by which the annihilation take place is :

Icm-l]

(t)

where ro is the classical radius of electron, c the speed of light, ú+(r) positron wave function,

and n.(r) the electron density. It must be stressed that n"(r) is the electron density cletermined

t2

Q)

\,=nro2c 
I lú.(r) l2n"(r)d3r

(3)



self consistently with the presence of the positron. This is important since the positron locally

enhances the electron density easily by a factor of two. The calculations of the positron wave

function and annihilation rates in metals and semiconductors (22,23) show that the positron wave

function is peaked in the interstitial regions between the atoms. This result is expected when one

considers that the potential which excludes the negatively charged electrons from the interstitial

region will have the opposite effect on the positively charged positrons.

2.4 Trappin g__b.v Ðefects

Positrons can be trapped in a material that contains defects. Trapping occurs typically for

vacancy-type clefects because the positron energy is reduced relative to the untrapped state due

to a reclucecl overlap between the positively charge ion core and the positively charged positron.

The bincling energy is the orrler 0-1 eV which vary considerably with the morphology of the

clefect. There are a few experimental indications for trapping by interstitial related defects, but

theoretical calculations on specific systems are lacking as yet. Positron traps can be divided into

two categories: Deep traps where the bincling energy is much larger than thermal energy at 300K

(1/a0ev) and shallow traps where the energies are comparable. A distinct aspect encountered

in semiconcluctors (ancl not in metal) is that only neutral or negatively charged defects are

responsible for trapping positrons.

2.5 lVlodel for T'rapping

There are two funclanlentally different moclels for describing the trapping mechanism of positrons:

the statistical model and the trapping model.

2.5.n The statistical nrodel

In this moclel one assumes that an ensemble of positrons during or at the end of the thermalization

process have become trappecl at various clelþcts or reside in the bulk. However, the work of this

thesis was carriecl out using the trapping moclel only, to be described below.

13



2.5.2 "I'he trapping rnodel

In contrast to the statistical model, the trapping nrodel (24-26) uses the assumption that all

positrons are in only one state at the tinre of thermalization (t:g¡. This state is a delocalized

Bloch state (see Fig. 2.2). When rlefects are

present in the sample material under

investigation, positrons are assurned to be

transferred from the Bloch state (commonly

referred to as the bulk state) to a defect with

trapping rate Ki proportional to defect

concentration C¡.

Figure 2.2 : Trapping from Bloch state into two
different traps with trapping rates x2 and 13.

where C¡ is the number of defects of type "i" per unit volume and ¡r¡ is called the specific

trapping rate.

The occupation probability for positrons in the bulk state ns and in the defect state ni can be

expressed by the following differential equations:

K¡=r¡Ci

Bloch state (Àg)

1,,, ln,{ (Àz¡ + -(À:)

(4)

\^ //
Deep states

where Àu is the

d"u --, ,, -," å " i= r,2,..,N
dt =-^BttB-IlBL K,

annihilation

drt,

-=-L,li+K/tB

rate in the bulk state and Dn¡ is the total trapping rate

I4

(s)

(6)

due to the



different type of defects.

The first term in equation (5) describes that positrons disappear from the bulk state by

annihilation whereas the second term describes that positrons disappear from the bulk state by the

transfer to an other state. Also, equation (5) assumes that detrapping does not take place because

the traps are deep.

The total occupation probability can be obtained by solving the coupled differential equations

using the boundary conditions at t:0, ns= I and ni=0.

Thus;

n(r)=tl -f
i

Where the terms in front of the exponentials are called the intensities of the lifetime components

and have the sum one. Since the annihilation of positrons are detected, a lifetime spectrum will

then have the theoretical form

À¡-À,+f n,

Ki
)exp[-(Àr+p -,ltl-5

A very important consequence of the trapping moclel is that the bulk annihilation rate, althouglt

not directly observecl in a given spectrum when trapping occurs, can be calculated according to:

\r=Ð 1,À,
I

where À¡:1/z;, ancl z¡ is the i'th lifetime component.

À¡-À,+! r,
Ki

exp(-\,r)

In the case of only one defect type the trapping rate can be found from:

sø=-4t)

(7)

(8)
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n= 
lz ,l -1, (ro)

l -li2' r, 12'

The three parameters rs, 12, and 12 are cleterrnined fronr the least square fitting of the

experimental I y cleterm i ned I i fetime spectra.

The validity of the trapping model can be checked by using the experimental data in Eq. (9)

because constant values of Às should be obtained regardless of the defect situation.

2-6 Annli¡vrhilifv of the -å'rvo Models

The experimental lifetime spectra are analyzed using exponentially decaying terms according to:

in accordance with Eq.(B). Here N is the number of conrponents (usually not known a priori) that

would be chosen in order to analyze the spectra. By assuming different values the choice for N

is establishecl initially by the gooclness-of frt Q2) which must be within i. 00+0. 06. If, for

example, N=2 satisfies this criterion, it is sometimes also possible to analyze the spectrutn with

N=3 with equally good value. Strictly speaking one can therefore only establish the lower limit

for the number of components in a given spectrum and it is this which constitutes the major

problem in the analysis of lifetime spectra, since the number of components, their lifetinle and

intensity value, are used for the subsequent physical interpretation of the data. In practical

applications it turns out that if two lilþti¡ne component differ by only =50ps an unconstrained

fit can only with difficulties separate such two components so that only some weighted averuge

value is produced by the fitting procedure. This type of problem can often be resolved in the

context of a series of measurements, but is nevertheless the primary source for uncertainties in

the physical interpretation. Recent systematic studies (21) have shown that tlte ability for
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resolving individual components is strongly dependent on the quality of the lifetime spectra, i.

e. spectra with large amounts of counts (>5x106), good time resolution (<27C ps) ancl weak

radioactive source strength (< 5pCi) significantly alleviates these problems.

2.7 Sensitivity to Ðefect Concentrations

Defects that are present in the sarnple material can be detected and measured if their

concentrations level is generally above 0. I pprn. For instance, in metals the specific capture rate

is in the order ofi0l5 to 1916r-l per unit fractional defect concentration. In semiconductors the

capture rate for neutral clefects is somewhat smaller (-5x10la s-l¡, but for negatively charged

clefects the rate increases significantly especially at low temperature according to a (I/300)-2

clepenclency relation (28). For example at 30K the capture rate for negatively charged defects

is thus _100 times higher than at room temperature.
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3. 1. Ðescription of lhe lifeti¡ne equipnrent

The lifetinle measuring system consists of aclvancecl electr<lnics in the so-called fast-fast time

coincidence system. A typical block diagram is shown in Figure 3. I where we can see that the

CÃI^&PT'ER. TX'TREE

IIVPS

DETECTOR 2

SC] NTi LLÁ\IORS

STOP BNANCH

DEI ECTOR 1

HVPS

t}- SAMPLE+ SOUtìCE

Figure 3.1 : Block diagram of a lifetime equipment.

PM

(HVPS: High Voltage Power Supply;PM Phoromultipliers TAC: Time to Amplitude
Converter; MCB: Multichannel Board; CFD: Constant Fraction Discriminator; DU: Delay

Unit).

lifetime measuring systern is clivided into trvo branches; The start branch and the stop branclt

which will be connected to the detector #1. The anode signal from detector #1 is fed into a

discriminator circuit (Constant Fraction Discriminator CFD) which gives an output pulse when

the anocle signal falls within a preset pulse height range. The output from the CFD is then fed

SIAIìT BNANCH

PEtìSOl.l/\L
COI/PU I-EtìS
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into a tirne-to-arnplitude converter (-f'AC). The stop branch is quite similar to the start branch

except that the output from the CFD is connected to a precision delay unit. The delayed signal

is then connected to the TAC for conversion. The output of the TAC is a pulse whose anrplitude

is proportional to the time difference between the two input signals which will be processed and

stored by the multi-channel-analyzer (MCA). The collected data from the MCA will be then fed

into a personal computer for analysis.

In our laboratory there are three different lifètime spectrometers. The stop branches utilize Ortec

583 constant fraction discriminators (CFD) while the start branches use a single Ortec 934 quad

constant fraction discriminator, since this discriminator only has the possibility for setting a lower

threshold level.

3. 2. Source preparatiort

The most widely usecl positron source for this kincl of measurements is the source nucler¡s 22Na

isotope. The clecay scheme of 22Na

is shown in Figure 3. 2, (Ref. 150).

The preparation of the positron

source is done by evaporating a few

micro curiés of aqueous s<llution

22NaCl onto a thin aluminum foil

(around 1¡rm thick) wrapped as a

square envelope of approxirnately lxl

c,l12 arouncl the source. For the

purpose of our experiments, a

10'lo

number of sources were made ranging in strength between B-10 ¡rCi. In all experiments the

source was placecl between two identical sarnples (the sandwich technique).

20

22No

Figure 3.2 : l)ecay scheme for 22Na.
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3. 3. ,4¡r overvierv of operallon nnd-perforrnance

The lifetime measurement is the determination of the time elapsed between the emission of a

positron from the 22Na source ancl its subsequent annihilation. The "birth" gamma photon has

an energy of l. 28 MeV emitted simultaneously with the positron from the source nucleus (22Na

isotope) ancl the two "death" (annihilation) quanta have each an energy of 0. 5ll MeV.

3.3. n. Fhotonrultiplier (FM) and Scintillator

The detection of the gamma quanta is accomplished by a plastic scintillator mounted to a

photomultiplier tube. The new Hamamatsu tubes (H2341) have been shown to be of superior

quality (29). For most of the tubes the high voltage was not critical. For one tube, however

(start in system II) the high voltage had to be quite low in order to obtain a resolution function

free of a tail. This tube has an exceptionally high amplification. In order to obtain a good time

resolution it is necessary to use scintillators which have a fast-clecaying light pulse. One such

scintillator is called Pilot U manufactured by Nuclear Enterprises. The pilot U scintillators were

machined in different sizes in order to obtain different efficiencies and were polished to a

mirror-like finish. No paint was applied to the surfaces in order to obtain spectral reflection of

light. This results in a sharper time distribution of the light intensity than if a diffusing coating

is applied (30). The particulars of tlte 3 spectrometers are listed in Table I.

System I was macle purposely for a narrow resolution function while maintaining a count-rate

suitable for obtaining > 5x106 counts cluring 16 hours of spectrum accumulation. System II,

ancl in particular System III employ larger scintillators and are designed primarily for low/high

temperature work which requires larger (i8 mm) detector separation'

A surprisingly small clegradation in the width of the resolution function with scintillator size is

founcl for System ll ancl III which inclicates that the tirne spread arising from the scintillator is

kept at a minimum ancl that the PM tubes perform well even when using the full size of the

2L



SYSTEM Branch

I

stop

llish
Voltage

2300

Start

Scintillator

2300

il

stop

a

d(y'_,)=40 mnt
h=10 nrm

d(/>)+36 mm
h=36 mm

Count rate /"
(sec. x Ci)

4 mm Itrrn,

2200

Start 1 650

20.5

ill

stop

d(/l)=40 mnr
h=10 mm

FWFJM/C
lnternsity
(pst%)

4.O

2300

162-tSO,205/10

Slart

d(7-.)--45 ntrn
h=36 nlrn

a) All arrç;les, are 10 degrees (shown exaggoraled in tlte drawings)
b For coiiinear selup with deteclor distarlces ol 4 or 1B mm

c) Assuming a 2-gaussion approximation lo the resolution f unction

1 900

37.6

d(/.)=36 mm
h=36 mnr

d(ó)=44 nrrn
h=50 rnm

9.2

-l----r-\

1BO/70,260/30

T'able I : Particulars of the 3

71 .6 19.2
173/70,257/30

lifetime spectronreters used.
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cathode area. In our opinion one may just as well only employ the larger scintillator since this

reduces signifìcantly the accumulation time. For all 3 spectrometers the resolrtion functions

could be described using mainly one gaussian. The second gaussian was displaced typically 30

ps to the left of the main gaussian. One of the spectrometers has now been operating

continuously for 2 years and has proven very stable.

These investigations have shown that the Hamamatsu tubes perform rather well witir only I tube

out of 6 being of somewhat inferior quality (the high-gain one in System II). High count rates

are achievable = 70 per (sec x ¡.rCi) using large Pilot U scintillator rivalling the performance of

BaF2 based systems.

3.3.2. Constant Fraction Ðiscriminator (CFÐ)

Each anode signal (one from each detector) is fed into a CFD which gives an output pulse when

the signal exceeds a preset level. The fast detector provides the best time resolution because of

its short decay time. However, this results in a very poor energy resolution of the scintillator

crystals (see Figure 3.4), so that different pulse heights result. This will result in a jitter in the

time for the pulse crossover of the discriminator level to take place at different times (see Figure

3. 3a Ref. 150), leading to different TAC outputs. The constant fraction discriminator is used

to reduce this probleln. It splits the pulses into two signals, inverting one, delaying it behind the

other attenuated signal, adding them together, and detecting when the added pulses cross the base

line as shown in Figure 3. 3b, (Ref. 150). 'Ihe anrplitucle of the negative part is a constant

fraction of the positive part, and the crossover point between the negative and the positive parts

can be defined by the so-called walk-adjustment.

After amplification, the signal is fed into a single channel analyzer (it is built into the CFD unit)

which selects a small part of the amplitude l'ange and as output gives a standard pulse if the input

signal was within the permitted winrlow.
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Vottage

Figure 3.3 : Uncertainty in time determination due to different pulse heights by (a) leading
edge system and (b) constant fraction system.

Optimal timing performance is achieved by the careful selection of the constant-fraction shaping

delay cable and proper setting of the walk adjustment. Energy selection is achieved by the proper

setting of the lower-level and the upper-level controls in the CFD. fhe proper setting

values are extracted from the gamma spectrum (see Figure 3. 4), thus defining the start branch

as the one which accepts only pulse amplitudes which arise from the 1.28 MeV "birth" quanta.

The sharply peaked structure in Figure 3.4 arises from 0.511 MeV 7-quanta. By setting the

energy levels in the other branch this branch becomes designated to detect only "death" 7-quanta.

Only those detected events that satisfy these energy requirements, as well as being separated in

by less than 50ns will be processed by the MCA.

3.3. 3 Time to Amplitude Converter T'A.C and Multichan¡tel Analyzer MCA

The outputs from the two CFD's are fed into the TAC unit where the time difïerence between

the two input signals is converted to a proportional pulse height (0-l0V). The output of the TAC

is transferred to the MCA which consists essentially of a gate circuit, an analog to digital

converter and an information storage unit. The channel number (l-2A4Ð in the MCA is

proportional to the time diff'erence between the two 7-quanta recorded by the detectors. The

24
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Figure 3.4 : Gamma spectrum.

number stored in each cha¡rnel is the number of events recorded with a certain tinre dil'fèr'ence

ie. the number of positrons that lived a certain time.

3. 4. Fositron Lifetinre Spectrunr

The positron lifetime measurement is the determination of the time elapsed between the emission

of the positron (birth signal 1.28MeV) from 22Na source when it undergoes a B-decay ancl it

annihilates as signallecl by the annihilation quanta (death signal 0.51 I MeV). This time is typically

between zero ancl five nano seconcls (ins : 10-9 s), ancl by recording the annihilation for many

indiviclual positrons, one obtains the so-called lifetinle spectrurn, an exanrple of which is shown

in Figure 3.5. In acldition to the lifetirne spectrum, a certain random background will be recorded

due to the fact that the annihilation of the trvo dif'ferent positrons can be detected as a coinciclental

event.
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3. 4. L. Time resolution

The time resorution of a system is normally definecl as the full wiclth at half maximum (FWHM)

of the so callecl prompt curve which is obtained from a 60Co source emitting two ?-quanta

simultaneously, ancl would with infinite resolution power be clelta-like, but as the resolution

power is finite for an actual equipment one measures a curve with a certain half width' The 60Co

is usually userl as an inclicator for the set up proceclure of the spectrum' In the data analysis' the

resolution function can bg described using mainly one gaussian as a good approximation to the

prompt curve. The second gaussian was placed typically 30ps to the left of the main gaussian'

The time resolution of the system þrompt curve) clepencls on the energy of the incident racliation'

the type ancl the size of the cletectors ancl on the performance of the timing discriminators' The

energy depenclency is clue to the statistical effects; the higher the energy' the greater the signal

ancl the smaller the statistical variation, roughly proportional to 1n;-1l2'

76

I-----l

-V t,t!..-q.,^r.î: 
$ \ 1ù--r- l,^f .rÌ-

t?
'l llvlE (rrs)

L___--_
(I r-ì



The most important contribution to the time resolution is from the tirne spread of the light pulse

generated at different points in the scintillator since the time spread in the collection of this light

on the photo-cathode of the PM, caused by the finite geometrical size of the scintillator amounts

to 
-l00ps. 

Once the scintillat<lrs ancl the PM are chosen, the next important factors in

determining the time resolution of the system are the triggering of the fast discriminators and the

settings of the single channel analyzer windows. Any increase in high voltage of the detectors

may in some cases increase the time resolution. However, the setting of the windows strongly

affects the FWHM. For 22Na source, the FWHM and the relative intensities of the two gaussians

are indicated in Table I for all the systems used in our laboratory.By decreasing the width of the

windows, one can somewhat reduce the value of the FWHM, but this reduction woulcl entail a

reduction of the number of coincidences. Thus, choosing carefully the width of the winclows can

serve as a compromise between these two factors.

3.4.2 The tinle calibration

The time calibration, ie. the determination of the tirne difference between two successive channels

in the MCA, was done by using one of the CFD's. The two outputs from the same CFD were

connected to the TAC; one directly to the start input, the other via the delay to the stop input.

By relating the channel number in which the very narrow peak that is obtained (width around one

channel) positioned to the delay inserted, calibration is performed. The relation between delay

and channel number is linear from 4 to 32ns (maximum delay), and the uncertainty <lf the time

calibration is less tl-ten l% . About 25-30 ps per channel is normally used.

3. 5. r\nal.vsis

The positron lifetime spectra are analyzed in terms of one or more exponentially decaying

functions ancl a constant background all convoluted with the instrumental resoltrtion fìrnction.

The clecay constants of the exponentials are the annihilation rates of the clifferent possible
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annihilation processes as determined earlier in section 3.4.

The spectra in this work were analyzed using the PC-version of a computer program developed

by Kirkegard and Eldrup (31). The fitting program RESOLU'|ION was used to extract the

information from the spectra. The program was modified such that a range of start channels

situated at the sharply increasing portion of the lifetime spectrum (see Figure 3.5) could be

prescribed in order to study the stability of the results for different choices of the start-channel

of theanalyses. Startchannelswerechooseninarangecorrespondingto 1%to30% of thepeak

counts.

The resolution function is described by a sum of two Gaussians. For all the three spectrometers

used in this work, the resolution functions could be described using mainly one Gaussian. The

second gaussian was displaced typically 30 ps to the left of the main gaussian. The number of

decay rates, or lifetimes, the number of gaussians in the resolution ftrnction, and the source

correction is specified by the user. By least squares analysis the values and variance of the

parameters are determined. The measured experimental data and the fìtted guessed values spectra

are compared and tlie deviation is expressed in the quantity "variance of the fit". We use the

least-squares criterion, that minimizes :

ô=f ,,n,2 i:l'2'"''n
i

the sum being extended over n measuring points (n=-450). A1 are the differences between the

measured count numbers and those predicted by the model. The weigltts c,:¡ are in principle

arbitrary. In this work we use "statistical weighting",

I
Qi=-

úi"
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where ø; is the standard variance of the count number at the i'th rlata point, which in our case

equals the mean of the count number due to the Poisson statistics. The quantity :

nA
ó=m¡nT.(^i)2'f oi

obeys approximately the x2-clistribution with n-k clegrees of freed<lm, where k is the nunlber of

free parameters to be estimated. When n-k is large, as indeed is the case in our applications, it

can be shown that (q5-¡n/n-k) is normally distributed with a mean value of I and should therefore

serve as an indicator of the validity of the assumed model with standard deviation llL(n-k). In

practical applications the standard deviation of the fits is +0.06. Experimentally obtained fits

around 1.00+0.06 are statically significant to within 70%.

The parameters to be fitted in our model are thus annihilation rates, \, intensities I¡, channel

number equivalent to time equal zero Tf, ancl background B.
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4.X. Ðefect Properties

The properties of defects play an important role in determining the physical properties of rnost

crystalline substances. They strongly influence the resistivity, the low-temperature thermal

concluctivity by scattering phonons, the electronic concluction ancl related properties of

semiconductors by acting as don<lrs or acceptors, ancl the optical properties of ionic solicls by

introducing electron states with optical transitions.

Another property of defects is the charge states which can be deduced from carrier concentration

studies . When only one level is introducecl, such a determination is macle simple by observing

the direction in which carrier concentration changes. However, since such a simple situation is

not generally rcalized, it is usually necessary to make additional investigations.

4.2. Impurity in Semiconductor (doping)

Electrical properties are usually affected by small quantities of defects which introduce levels in

the forbiclcten gap. For example, recombination of minority carriers in silicon can be

substantially affected by 1010 clefects/cm3. The acldition of boron to silicon in the amount of 1

boron - atom to 105 silicon atoms increases the concluctivity of pure silicon by a factor of 103 at

room temperature. The deliberate addition of impurities to a semiconductor is called doping.

When an impurity atoms is incorporated substitutionally each atom forms four covalent bonds,

one with each of its nearest neighbours, corresponding to the chemical valence four. If an

impurity atom of valence five, such as antimony, is substituted in the lattice in place of a normal

atom, there will be one valence electron from the impurity atom left over after the four covalent

bclncls are establishecl rvith the nearest neightrouts. Impurity atoms that can give up an electro¡r

3L
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Figure 4.1: Clrarges associated with an arsenic impurity atom in silicon.

are called donors (see figure 4.1 Ref. I 1).

- Excess etectron
f rom

arsenic atorn
n-type silicon

The semiconductor can conduct in the impurity band by electrons hopping from donor to donor

for light donor concentration. The process of impurity band conduction sets in at lower donor

concentration levels if there are also some acceptor atoms present, so that some of the donors are

always ionized. It is easier for a donor electron to hop to an ionized (unoccupied) donor than

to an occupied donor atom, so that trvo electrons will not have to occupy the same site during

charge transport.

A hole nray be bound to a trivalent impurity in silicon (Figure.4.2 Ref.1l) just as an electron is

bound to a pentavalent impurity. Trivalent impurities such as B are called acceptors because they

accept electrons from the valence band in order to complete the covalent bonds with neighbour

atoms, leaving holes in the valence band. When an acceptor is ionized a hole is freed, which

requires an input of energy. On the usual energy band diagram, an electron rises when it gains

energy, whereas a hole sinks in gaining ellergy .

The donor and acceptor ionizati<ln energies in silicon are comparable with kuT at room

temperature (26meV), so that the thermal ionization of donors ancl acceptors is irnportant in the

electrical concluctivity of silicon at roonr temperature. If donor atoms are present in greater
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was
complete

' it can to*pltt" its tetrahedral bonds only

by taking an electron rrom a si-si boncl, leaving behind a hole in silicon valence band'

Positive holeas etectron
rennvec.l f rorlr a borrd to
the tetraheclral bonds of

numbersthanacceptors,thethermalionizationofclonorswillreleaseelectronsintotlre

conduction band. The conductivity of the specimens then will be controlled by electrons

(negative charges), and the material is said to be n-type'

If acceptors are clominant, holes will be releasecl into the valence band and the conductivity will

be controlled by holes þositive charges); the material is p{ype' The sign of the Hall voltage is

a test for n or P tYPe'

The number of holes ancl electrons are equal in the intrinsic regime ie. in undoped, and defect

free materials. The intrinsic electron concentratio n n, at300 K is 4'6x109 cm-3 in silicon' The

electrical resistivity of intrinsic material is 2.6x105 Ocm for silicon (32). Measurements of

carrier concentration as a function of temperature is one of the methods to cletermine the position

ofenergylevelsintroduce<]byclef.ectsintothefclrbiclrlengap.Theslopeofalogarithmicplot

of carrier concentration versus reciprocal temperature haS been used for energy level

cletermination, but such a techniqtre is susceptible to large error' and it is better to deduce from

such a curve the point at which the ctefect level in question has a specific occupancy (33)'
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4.3. Geometrical Configuration of Foint Ðefects

A point defect in a crystal is an entity that causes an interruption in the lattice periodicity. This

occurs during the following circumstances.

a) An atom is removed from its regular lattice site, the defect is avacancy.

b) An atom is in a site different from a regular (substitutional) lattice site; the defect is an

interstitial. An interstitial defect can be of the same species as the atoms of the lattice (it is an

intrinsic defect, the self-interstitial) or a different nature (it is an extrínsic interstitial defect).

c) An impurity occupies a substitutional site.

Various kinds of defects are also formed by the association of intrinsic or extrinsic, substitutional

or interstitial defects. For instance, a vacancy close to a self-interstitial is a Frenkel pair; two

vacancies on neighbouring lattice sites form adivacancy, etc. Schematic representation of simple

point defects in a group IV semiconductor are

shown in figure (4.3 Ref. 16) where the

letters indicate: (a) vacancy; (b) self-

interstitial; (c) interstitial irnpurity; (d)

divacancy; (e) substitutional impurity; (Ð

vacancy-substitutional impurity complex.

4.3.1" The vacancy

The lattice site of a rrtissing ion or atom is

called a vacancy also known as Schottky Figure 4.3; Schematic representation of simple
point defects in a group IV semiconductor.

defect. Four bonds are broken in order to

remove an atom from its lattice site and form a vacancy (Figure 4.4a Ref. 16). The broken

(dangling) bonds can form new boncls which may lead to atonric displacements. T'his bonding
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Figure 4.4a-c'. The vacancy in diamoncl lattice. (a) Four bonds are broken to create it. (b)
When there is one electron per ilangling bond (V"). (c) When an electron is missing (V+).
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depends on the charge state of the vacancy, i.e., on the number of electrons which occupy these

dangling bonds (Figure 4.5b and c Ref'. 16). In thermal equilibrium a certain nunlber of lattice

vacancies are always present in an otherwise perfect crystal because the entropy is increased by

the presence of the disorder in the structure.

'-:- -','
^ ,l-\.81 'ù.,," b-L

4-/)

\{ "<\\zlqH/\
K'\i- 

Y
ba

o
F'igure 4.5: Schottky and Frenkel defects in an ionic crystal.
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The equilibrium concentration of vacancies decreases as the temperature decreases. The actual
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concentration of vacancies will be higher than the equilibrium value if the crystal is grown at an

elevated temperature and then cooled sudclenly, thereby freezing in the vacancies.

Another vacancy defect is the Frenkel defect (see figure 4.5 Ref.14) in which an atom is

transferred from a lattice site to an interstitial positiort, a position not normally occupied by an

atom.

4.3"2. The divacancy

v\
r- _l

å( \¿
å_À

Figure 4.6; The clivacancy configuration and

its schematic two-dimensional representation.
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In many cases it is possible to produce groups of vacancies by prolonged radiation, heat

treatment, or optical bleaching.

A clivacancy consists of trvo nearest neighbour vacancies (Figure 4.6 Ref. 16). The split-divacancy

configuration, corresponcling to the configuration of the <livacancy in the sadclle point for the

migration, is given in Figure 4.7, (Ref.16).

4.3.3. T'he interstitial

When a lattice atom or ion is clisplaced from its nor¡nal site, it either returns to a normal site

36

Figrue 4.7 ;The spl it-divacancy confi guration

and its schematic representation.
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(annihilates), travels to a surface (a grain boundary or dislocation) or remains in a position that

is not a normal lattice site. Such a position is refereed to as an interstitial site. The atom or ion

is then an interstitial and the double defect consisting of the vacancy and interstitial is called the

Frenkel def'ect. It is still not possiblc to tlecicle what arc the statrle sites for an interstitial atonr,

but it is reasonable to consider that some of the high-symmetry sites are the stable interstitial

positions. Because of the symmetry of the lattice, there may be several energetically equivalent

positions per unit cell.

Two neighbouring locally stable interstitial sites are separated by other high-symmetry positions

which correspond to saddle points of the electronic energy when all other atoms are again kept

fixed at their perfect crystal positions. (The migrating path for interstitial will thus be from one

stable site to another one through this saddle point position.) When the electron-phonon

interaction is taken into account, it can give rise to distortions of the system. As a result the

stable positions will no longer be those of high symmetry. These can be "off-centred"

configurations in which the interstitial is slightly displaced from its ideal site. In this respect,

once the ideal site has been iclentified, the situation becomes much the same as for the vacancy.

Figures 4.8, b, c, ancl d (Ref.16) show different kinds of interstitial configurations.

Once again, the introduction of an interstitial induces a relaxation and a distortion of the Iattice

which surrounds it. The type of configuration the interstitial chooses depends on its ability to

make any bonds with its neighbours and therefore can change with its charge state. Calculations

have been done on these systems by the IBM group (34).

4.3.4. Conlplex Ðefects

When a simple defect moves, it can interact with other intrinsic as well as extrinsic point defects

giving rise to a nìore complex defect. For instance, when the vacancy becomes mobile in silicon

around 100 C or 200 C depending on the charged state, it can be trapped by an oxygen irnpurity

3B



(present in Czochralski grown material) and form a V-O

complex (the A centre), or by the doping impurity (B for

instance) and form a V-B complex, or by another vacancy and

form divacancies. Fig.4.9 (Ref.l6) gives the configuration of

the A centre in which the oxygen atom occupies a position

slightly displaced from the substitutional

vacancy site.

4.3.5. Aggregates

When the concentration of a particular defect

is increased, they often tend to aggregate as

the tenrperature is increased. Vacancies form

divacancies that upon further heating

becoming mobile or dissociating, form

trivacancies, quadrivacancies and so on. In

principle, the larger the number of defects

involved in an aggregate, the larger the

Figure 4.9; The A-centre
configuration.

number of possible configuration (e.g., Figure 4.10 Ref.16) which gives one of the possible

confìgurations for a penta-vacancy). But when the number of vacancies in the contplex tlecomes

sufficiently large, they tend to arrange themselves in voids, or form dislocation lops.

Figure 4.10; One of the possible configurations
for a pentavacancy.
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5.1. Brief Ï.Iistoric surve.y of the Ðxperinrental Results in Silico¡r

A number of investigations have been carried out regarding the study of defects in silicon. These

include studies of the electronic properties of vacancies V, divacancies V2, and interstitials I as

well as of the formation energy E., migration energy E,',, and divacancy binding energy 4Nz)
(35-40). These calculations range from model calculations and Morse calculations, to band

structure and molecular orbital treatnìents. In many instances, the early calculations had only a

limited validity, but increasing sophistication is resulting in a closer and closer coordination

between experiment and theory. The properties of a few defects are well established

experimentally.

Watkins made experimental observations by means of electron paramagnetic resonance on the V+

and V- states in silicon and indirect measurements on the properties of Vo (41).

A number of vacancy-related clefects configuration has been well establisherl by EPR
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measuretnents in silicon [V- and V+1, [V2- and V2'F 1,Y4, V5, (V+Sb), (V+B), ancl (V+O)

(42-49). 'l'hcre is also evitlence of'(V+C) and vacancy ¿rggregates with oxygcn irnpuril.ies.

Figure 5.1 (Ref.151) shows schematically the temperature dependence of the recovery of tiese

defects. Figure5.2(Ref.15l)showsrvhatisknorvnoftherecoveryofinterstitial-relateddefects

in silicon.

In n-type material Watkins observed a spectrum which he tentatively attributed to the silicon

interstitial; the spectrum disappears at approximately 170 K. Other workers (50-53) have found

the formation of infiared bands at this temperature which they attribute to an interstitial carbon

atom and/or to an interstitial silicon associated with an oxygen atom, as shown in Fig.5.2 (No

interstitial vacancy pairs have been observed in silicon).

About 1959 Brown, Augustyniak, and Waite (54) demonstrated the sensitivity of defect annealing

to dopant impurities while Watkins, Corbett, and Walke, together with llemski (55), showed the

effects of oxygen on electron spin resonance in silicon. Early positron lifetime measurements on

silicon (56-58) showed that the mean lifetime changed upon irradiation but that effects from

doping seemed less certain (59,60). Dannefaer et al (61) determined specific lifetirnes for

vacancies in neutron irradiated Si for the first time and Fuhs ¿r al (62) investigated 1 MeV

electron irracliatecl Si at low temperatules where they succeecled in observing the monovacancy.

These measurements provided the basis for identifying lifetimes with specific defects, and they

also indicated that tJie positron trapping cross-section may be strongly temperature dependent by

virtue of negative defect charges (63).

Another interesting, and important, lif'etime was found by Kelly and Lambrecht (6a) who cletected

a very short lived component (=60 ps) in Czochralski grown silicon (Cz-Si), i.e. silicon which

is contaminated with oxygen to a typical concentration of 1018 cm-3 120 ppm). Such a short

lifetime has not been observed in float zone refined (Fz) silicon where the oxygen concentration
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is only about 1016 cm-3 or less, thus inclicating that the growth process of the silicon itself is of

importance in positron experiments. From EPR, IR, and resistivity measurements we already

know that oxygen has profound effects on other defects (65). These early lif'etime measurements

have probably identified some of the important issues and clifferences compared to metals.

We must expect much more complex systems, Iargely due to the fact that defects may have a net

charge. The monovacancy can exist in 5 differently charged states +, + +, 0, -, -- (see Fig.

5.3), so thatpositrons may "miss" entirely the presence of monovacancies if they are positively

charged, i.e. rvhen the Fermi level is below E + 0.1 eV. For Fermi levels above this value,

we would expect to observe monovasancies in the neutral or negatively charged states, and we

would expect that, when in a negative charge state, the positron trapping cross-section woukl

decrease strongly with increasing ternperature, something like T-", r = 2 to 3 (66). It should

be emphasized that this temperature dependency also constitutes a simple check as to the net

\/
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liigure 5.3; Energy levels for charged states of difïerent types of defects
temperatures. 'I-he arrows indicate EPR active charge states.
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charge state of any observable tlefect, not only the m<lnovacancy. This is very valuable

information for defect identification. One pitfall in such experiments is that they can be obscured

by the fact that the Fermi level moves rvith temperatl¡re so that the relative population of two

charge states may change significantly, thus bringing about a strong deviation from the T-n

dependency of trapping rate.

The very fact that monovacancies can exist in various charged states and that they migrate at low

temperatures (70 to 170K) (67) makes possible strong interactions witl¡ common impurities such

as shallow donors/acceptors, oxygen and carbon in Cz-Si. Prominent examples are

phosphorus-vacancy pairs (E-centre, stable to at least 150 C), (68) boron-vacancy pairs (stable

onlyupTo260K)(69)andoxygen-vacancy"pairs",theAcentre,stableupto300C(70). The

latter complex is actually a substitutionaloxygen atom created from the normal interstitialoxygen

by absorption of a monovacancy. These complexes have their own energy levels in the band gap

(see Fig.5.3). Apart from the vacancy-type defects it must also be expected that acceptor-like

defects without associated vacancies are positron traps at least at low temperatures, that is they

are shallow traps. Positrons could be trapped around the negatively charged state of the A-centre

yielcling a lifetime close to the bulk lifetime. This significantly complicates any type of analysis.

At low temperatures such effects may well be overwhelming and leading to complete trapping

in shallow states---a situation which resembles carrier freeze-out in semiconductors. The binding

energy would be at shallow acceptor levels, i.e. about 20 meV.

From the wealth of possible defect charges and reactions, some new and fundamental problems

are encountered. Is there a charge dependent positron lifetime for a given defect? It is of course

of no practical interest if the change is a few picoseconds, but if larger (= 10-30 ps) this may

interfere with other lifetimes. How does the trapping cross-section change with the state of

charge? This has immecliate importance for defect concentration estimates in heavily doped Si
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where few EPR data are available, ancl is of importance when assessing concentrations of

originally electrical inactive defects. Shallow traps are definite possibilities and may well play

a role even for room temperature measurenlents.

5.2. An Overview of Oxvsen in Silicon

Oxygen in silicon is an important scientific and technological subject. It derives its technological

importance from the fact that silicon crystals pulled from silica crucibles are very inexpensive

and, therefore, have been the standard substrates for fäbrication of integrated circuits. The

scientific interest originates from the wide variety of phenomena that occur when cooled

Czochralski (Cz) Si crystals become supersaturated with oxygen.

The growth phenomenon is described

schematically by the dashed line

marked "G" in Figure 5.4 (Ref.152).

The Si melt is in contact with an SiO,

crucible and the growing Si crystal,

and oxygen is transported mainly by

convection from the crucible surface

to the growing crystal interface. Some

success in adjusting the oxygen

concentration and homogeneity in Cz

Silicon has been achieved by using

magnetic fields in stabilizing the melt

convection patterns. The phenomena
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involving oxygen in Si are schematically superimposed on the Si-O phase diagram in Figure 5.4.

Three broad categories of oxygen behaviour can be identified. First, there is the intrinsic
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behaviour of dissolved oxygen within the equilibrium Si:O solicl solution, such as diflusivity and

solubility. Second, there is the non-equilibrium (metastable) oxygen containing structures

involving the supersaturated Si:O solutions, such as tlrcrmal donors and O-Vs¡ complexes. Third,

there is the thermodynamically statrle oxide precipitates, whose shape and structure de¡rend on

their surface energy and related defect production. Dislocations and gettering are closely

associated with precipitation. Dislocations are nucleated by precipitates but can be pinned by

interstitial oxygen. Strain and defects surrounding precipitates can attract metallic impurities

(gettering).

Oxygen can interact with poittt defects in two different ways. The first is the low temperature

complexing of interstitial oxygen with vacancies e.g., the O-Vr¡, A-centre. If the reaction is

followed by the capture of a Si interstitial, an accelerated hop of the oxygen atom might occur.

A second type of oxygen-point defect interaction is the generation of point defects, especially Si

interstitials, cluring thermal oxiclation ancl precipitation of excess oxygen. The precipitation

behaviour is governecl by interstitial oxygen concentration ancl annealing temperature and thermal

history. The most controversial topic of the oxygen phenomena is, arguably, the thermitl donor

formecl at 450 C. This is generally presumed to involve an oxygen complex. Although the

thermal clonor formation kinetics have been studied for decades and many of its electrical ancl

optical properties have been determined, its structure is still a mystery. In addition, a new

thermal clonor produced at higher temperatures may also be related to oxygen. Microscopic

aggregation of oxygen and point defects is certain to occur during cooling clf the crystal from the

melt, as eviclenced by the typical formation of thermal donors.

Although commercially-grown Si crystals are quite perfect solids, it is important to realize that

Cz wafers generally are not ideal thermodynamic systems for studying the cornplex behaviour of

oxygen in Si. The thermal history of the crystal is determined predominantly by the thermal
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gradients, cooling rates, and other production growth procedures, and this thernlal history varies

with position in the crystal. Annealing of Cz crystals to achieve a reproducible thermal history

and a uniform distribution of oxygen within the crystal has several disadvantages. The first is

the possible introduction of metallic impurities from as-polished surface contamination ancl wafer

handling. The second disadvantage is that a protective coating is required to prevent out diffusion

of oxygen to the Si surface. Thirdly, in order to specify the new thermal history, it is necessary

to control, or at least monitor, the cooling rate. Unfortunately, the detailed impact of thermal

history (and ambient) on the equilibrium and kinetics of point defects is unknown.

Prolonged heat treatment at 450 C of oxygen rich silicon gives rise to up to 3x10l6icm3 shallow

donors (71). Resistivity measurements showed that the initial formation rate was proportional

to [O]4 and that the maximum concentration was proportional to [OJ3. Infrared measurements

(72) show that the oxygen donor is a double donor and that it is a family of complexes. EPR and

IR absorption measurements show ground state splitting that can be understoocl in terms of an

effective mass, like ground state, that is constructed from wave functions associated with a single

pair of conduction band valleys. ENDOR measurements (73) are in agreement with the effective

mass theory picture of the donor that has been developed and have the potential to provide

detailed structural information about the individual donor species. Based on the TEM observation

of ribbon-likestructures formed for low temperature anneals, several groups have suggested that

the family of oxygen donor complexes are chain-like structures extencled along [10] directions

QÐ. Oxygen atoms are added to the defect to give rise to the farnily of donor species. Several

clusters have been suggested for the electrically active portion of the thermal donor. Theoretical

calculations have been performecl to determine the relative stability of several oxygen related

species and their electronic properties (75). It has also been shown that the trend in thermal

donor ground state energies can be fitted by a rnoclel in rvhich a repulsive potential (76) is aclded
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to the Coulornb potential. The repulsion increases as oxygen atoms are added to the growing

defect in this model.

Donor models that only include oxygen share a common problem. Such models require an

oxygen diffusivity that is several orclers of rnagnitutle larger than has been measured. It hacl been

hoped that anomalous diffusion might alleviate the problems in kinetic models, but further studies

show that enhanced oxygen diffusion does not provide a simple solution. It is now believed that

the mechanism for anomalous oxygen diffusion involves silicon vacancies (77). New results have

been reported for the loss of interstitial oxygen during oxygen donor f-ormation (78,79). In tiese

studies it is shown that the oxygen loss can be attributed to the formation of oxygen di¡ners. The

dimerization reaction is consistent with orclinary oxygen diffusion ancl a 5 to 10 Å capture radius.

If the same model is used to calculate the concentration of higher order complexes, then these

concentrations ale orders of magnitude too small to explain the hierarchy of donor complexes

(80). It is still not clear why higher order complexes should involve enhanced diffusion when

the dimerization does not. Several oxygen donor models have been suggested that include

components other than oxygen, The most recent suggestion (81,82) is that the Si interstitials are

ejected as oxygen dimers are formed in an aggregate to produce the electrically active donor

species. The interstitials might be nucleated at some other defect site, perhaps upon oxygen

dimers or tri¡ners. In such a sche¡ne the oxygen portion of the defect is small so that the oxygen

diffusion constant rnight be consistent with the formation kinetics. The fast diffusing Si

interstitials woulcl be responsible for the evolution of the donor complexes for continued

annealing. Models that involve Si interstitials are at a very early stage of development as

comparecl to "oxygen only" nrodels so that it is cliffÌcult to asses whether the fr;rrnation kinetics

and other physical properties of oxygen donors can be explained consistently.

Even after its 30 year history. research in the oxygen donor problem continues to be fresh and
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exciting. New results and ideas continue to stimulate further investigation into rlre nlost basic

questions about the oxygen donor's structure and formation.

The research of the past few years has yielded a unique, fundamental understanding of the

behaviour of oxygen in silicon. The oxygen donor centre plays an active role in a rich array of

phenomena . For¡nation kinetics portray a diffusion limited aggregation of a four oxygen cluster.

The misfit of quantitative rates with theory suggests that further work is necessary in the accurate

determination of the absolute oxygen concentration with micrometer resolution. The electrical

activity of the donor and its participation in the early stages of oxygen aggregation qualitatively

account for the enhancement of precipitation in p-type material ancl the retarclation in n-type

material.

5.3. An Overvierv of Carbon in Silicon

Around the time that silicon was first analyzed to determine its oxygen content, related

measurements were carried out whioh suggested that cartro¡r irnpurity might also be present in a

high concentration of up to l0l9 atom cm-3. It is almost certain that such high estimates exceeded

the true concentrations, most likely because of contamination introduced during the analytical

procedures adopted, but nevertheless they stimulated research on the topic which is continuing

to the present day.

Later, Newman and WakefÌeld (83) showed that heat treatments of single crystal silicon in

vacuum produced surface coatings of cubic É-silicon carbide particles which were detect"d by

reflection electron diffraction and electron microscopy using extraction replica techniques. These

observations could be explained by invoking a chemical reaction between the silicon ancl organic

contamination in the anlbient. However it rvas pointecl out that it was necessary to consicler the

possibility that carbon dissolved in the silicon could have diff'used to the external surface to

contribute to the carbide formation. Quantitative estimates of this process were not possible
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because neither the carbon content of samples nor the dilfusion coef'ficient of carbon were known.

Work by Hall (84), Dash (85) and Scace and Stack (86), indicated that silicon crystals might

contain up to 10lB atom cm-3 of the irnpurity. The dissolution of SiC into an oxygen-free silicon

melt le¡l to an estimate of the solubility of carbon in the liquid of about 3x1018 cm-3, ancl it was

assumed that the segregation coefficient might be around 0.3. It was imperative to gain further

information. As a next step, it was shown by Newman (87) using electron diffraction techniques

applied to specially etched and doped crystals that precipitated particles of B-SiC could also grow

along the cores of grown-in dislocations during heat treatments at 1 150oC. If the carbon ha<I

diffused from the surrounding matrix it was again implied that the concentration rvould have had

to be close to or even greater than 1018 cm-3, but it was still not clear whether the carbon was

originally in tllesolutionor whether ithacl dif'firsecl in from the external surlàces. 'lÌr resolvethis

uncertainty Newman ancl Wakefìeld (88) measured the diflusion coefÏcient by dif'fìrsing carbon

into monocrystalline samples from a surface coating of SiC enriched with the laC isotope. These

treatments were carried out in silica tubes so the system would have been saturated with oxygen.

A combination of the measured values of diffusion coefficient (D) and an estimated solubility of

1018 atom cm-3 led to the conclusion that the grown-in impurity could indeed diffuse to an

external surface to produce a measurable growth of SiC. This turns out, however, to be a slow

process and heating at 1250oC for 24 hours would produce a coating equivalent in thickness to

about only one mono layer.

It is important to include the contribution of Baker et al (89) who measured the carbon contents

of samples using the infrared technic¡ue ancl then made careful X-ray measure¡nents of the lattice

parameter ao of the same samples. It was shorvn that ao decreased as the concentration of carbon

increased, thus confinning that small carbon atoms occupy substitutional lattice sites in as-grown

material. Due to these findings, it is now a routine matter to obtain ntaps of the carbon content
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via X-ray topography made from wafers of silicon grown by the float zone (FZ) technique.

Unfortunately, the presence of interstitial oxygen in Czochralski (Cz) material leads to an increase

in ao (90) s<l that X-ray measurements do not give unambiguous data if botir inrpurities are

present in cornparable concentrations. A similar problern also exists for small dopant atoms such

as boron.

5.3.n. Carbon in As-grorvn Silicon

Carbon atoms have a lower mass than silicon atoms and give rise to a localized vibrational mode

(LVM). 12C gives a mocle at 607 cm-t ancl mocles at 589 and, 573cm-l arise from l3C ancl laC

respectively (91,92). They are in isotopically enriched crystals and in good agreement with the

theory of Dawber and Ellott (93). There is a relatively smooth sequence of frequencies with the

two substitutionalboron isotopes llB- and l0B- which give mo<les 
^t623 

anrl,646 cm-l 19+¡. It

is implied that the force constants between the two types of impurity and their four nearest

neighbour silicon atoms are similar thus giving evidence that carbon occupies substitutional sites.

The frequencies quotecl are for a sample temperature of 77 K and they should each be reduced

by some three wave numbers for a sample temperature of 300 K.

There is also evidence that the presence of a high concentration of dissolved oxygen in a sample

enïances the solubility of carbon. There could be inrportant consequences in relation to oxygen

precipitation in Cz crystals. There are strongly polarized views on this matter, one being that

carbon plays an important role in the process and the other which suggests that carbon is

unimportant.

In Cz silicon, carbon-oxygen complexes have been found in as-grown santples. Modes at 589,

640 and 690 cm-l were attributed to the vibrations of the complex carbon, while there was a

moclifìecl vibrational mocles of oxygen at 1104 cm-l 191. When l3C is present the "carbon"

¡nocles shilt to lorvcr frec¡uencies confìrming tlte involvelllent of the irnptrrity. No tletectable
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splitting, however was found for the "{)xygen" mode. The defþct complex must have a low

symmetry but no atomic moclel has been determined. A related [C-O] conrplex with a lower

concentration is sometirnes present giving an "oxygen" mode at 1052 cm-l and carbon mocles at

somewhat higher frequencies than for the first complex. Again no atomic model exists for this

centre (96).

5"3.2. Effects of Ï{eat Treatnte¡rts

Heat treatments may be conveniently divided into two categories. There are those at high

temperature (f > 1000oC), where substitutional carbon can migrate and those at lo\¡/ temperature

CI=450oC) where this process could not occur because the diffision coefficient is too small.

High temperature treatments of FZ silicon containing carbon ofien appear to have little elfþct on

the amount of the inipurity which remains in solution, unless dislocations are present, or

nucleation sites are provicled by a prior heat treatment or irradiation (97). When interstitial

oxygen atoms precipitate, self-interstitials have been proposed to be generated to accommodate

the local increase in volume (98). If carbon atonls co-precipitate, the process of producing space

by emission of self interstitial woulcl be greatly climinished because of the small size of the carbon

atom. It was not theref'ore surprising that SiC particles formed around dislocation lines where

SiO2 particles had nucleatecl (99). It rnay be that the aggregation of oxygen atoms occurs first,

leacling to the generation of self-interstitials even at these very high temperatures. These defects

woulcl be trappecl by the carbon atoms which coulcl then diffuse at a very high rate.

The precipitatetl silicon carbitle was als<.1 detected by IR absorption but the bancl appeared ar.12.2

/rm rather than 12.6 ¡rm ancl was very much broadened (100). These effects occttr because of

the small size of the SiC particles and the fact that they are embedded in the silicon matrix. As

a conclucling rernark, the presence of the carbon originally at a level of 2xl0l8 atom cm-3 had

no detectable effect on lhe solubility clata obtained for the oxygen.
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When CZ crystals are heated at 450oC, there is generation of thermal donors up to concentrations

of 
-1016 

cm-3 after heating times of about 100 hours. However, this concentration is reduced

when a high concentration of carbon is present (101,102). In early research, absorption from

carbon-oxygen clusters was observeil and it was inferred that a fraction of the carbon had been

transferred to interstitial sites because of the similarity of the LVM absorption produced in

irrailiated silicon (103). Recently, it rvas demonstratecl that there was a loss of substitutional

carbon with time of heating which correlated with the loss of oxygen (104). Using the argument

that the rate of carbon loss was equal to the rate at which self interstitials were trapped, it was

cleducecl that in material containing a high carbon content (1018 cm-3) essentially all the

self-interstitials were trapped by this n-reans. Now, thirty years a{ter the first measurements, the

assignmentof oxygen clusters to thethermal donor centres has been questioned (105). It has now

been suggested that aggregates of self-interstitials might be the clefects responsible for donor

activity. If this is true, such defects should not form in heavily carbon-doped silicon and the

inhibiting effect on the thermal donor formation from the presence of carbon could be explained.

Further investigation is needed on this rather radical suggestion concerning the nature of the

thermal donor.

It would appear that current research in carbon relates primarily to the fàct that the substitutional

impurity can selectively trap a mobile self-interstitial. This process occurs at temperatures at least

as low as 77 or as high as 773 K. Further work is required to see how far these limits can be

extenclecl. It is important therefore to have an absolute calibration for the 607 cm-l LVM band

so that measurements of the removal <lf carbon fiom substitutional sites are quantitative. Carbon

interstitials may be produced by surface diffusions, internal oxygen aggregation, or high energy

irradiations by ions, neutrons or electrons.

Precaution has to be taken if samples contain other impurities such as boron which is also an
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efficient trap fcrr self-intersitials and competes with the carbon in this respect.

5.4 Fositron Iifetimes

Fuhs et. al. (106) for the first time in 1987, determined that positrons are trapped by

monovacancies in electron irradiated silicon at 20 K by EPR. Table I lists some of the established

lifetimes for the aggregates of vacancies determined by other researchers. It appears that as the

size of the vacancy aggregate grows larger and larger, the positron lifetinles increases to approach

a theoretical limit of 500ps for large aggregates (voids).

T'al¡le Ã. Positron Lifetimes for Various Vacancy Aggregates.

r(ps)

Ref.

Bulk

218

(r46)

Soon afterwarcls, Dannefaer et.al. (107) had shown by means of positron annihilationtechnique

that all the main defects in electron irracliated Cz-Si can be detected, and the correlation between

EPR and positron annihilatioll, as well as with independent theoretical calculations of positron

lifetimes are significant for the physical interpretations of lifetime values.

Table Il lists positron lifetimes ancl trapping cross sections for various clef'ects in silicon. Inclucled

are the temperature ranges in which trapping cross sections were determined. The data listed in

Table II are mainly basecl on the experimental results conclucted on electron irradiated Cz-silicon

samples.

The clata in Tables I ancl II provirle the key information regarcling lifetimes which can be used

to iclentify the defect type, and trapping cross section. The temperature depenclency of the

vr

266-270

(62,146)

v2

266-270

(t20,62)

v4

390-4s0

(r20)

v5

480-520

(47)

vo(?)

> 520

(r23)
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trapping cross-section is also used to establish the charge state of the defect. Defects which are

positively charged cannot be detected by positrons.

Table n[. Positron lifetimes, r, and trapping cross section o, for various defects irl silicon.

Defects

VO

V-

vo2

v-2

Y--2

Yzoo

voo(Ao)

vo-(A)

P.Vo(Eo)

PV (E)

r(ps)

270+51-3

320+5

325+5

325+5

270+5

?

225+5

?

o(cm2)

2x10-12_1x10-lr

_ 1o-15@3ooK4

_  xto-ts@..

_ Sxlo-15@..

- to-ts@..

Tenrp. Dependence

T-3'l

To

_T-2,s

_T-2's

TO

1: Ref. (62),2: Ref. (146),3: Ref. (148),4: Ref. (i34),5: Ref. (120)
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Chapter six is clesignaterl to the findings of the experimental investigations which were performed

at the university of Winnipeg positron laboratory - Winnipeg - Manitoba - Canada.

The chapter is organized in the following manner: First an introduction is given to thermal donor

formation as well as to the heat-treatment induced defects in Cz-silicon. Then the chapter is

clivicled into three sections. In the first section we report the defect characteristics that can be

cletectecl across a given wafer. In the second section we discuss the heat-treatment induced defects

in Cz-silicon. The thircl section cleals with the effects of oxygen interstitials and carbon impurities

on thermal donors kinetics.

6.1 TNT'R.OÐUCTTON

It is well known that the main impurities during the cool-down of Czochralski-grown silicon

ingots are oxygen atoms. Since Kaiser et aI. (108) first presented in 1958 the so calle<l KRF

model that describes the formation of thermal clonors (TD's) in silicon, oxygen in silicon has been

under continuous investigation. The concentration of oxygen atoms is far above the solid

solubility at room temperature, so we can expect that various precipitates of oxygen atoms would

be present in Cz-silicon specimens. Tllese oxygen atoms play an important role in affecting the

electrical ancl the nlechanical properties of the silicon wafer. The major interest in studying the

behaviour of oxygen in silicon is related to the fact that oxygen consiclerably influences the

fabrication of electronic devices.

During the growth process of Cz-silicon ingots, sevelal types of defects may be formed. One type

of these defects is the oxygen interstitial. However, afïer subsequent heat-treat¡nents, some

51

CffiAT}T'EIT S{X



oxygen aggregates and thermal donors ('I'D's) may be incluced at telnperatures atlove 400 C

(109,1 10). These donors, formed after several hours of annealing at 450 C, have been argued to

arise from agglomeration of about four interstitial oxygen atoms [O¡]. Furthermore, the formation

kinetics of the thermal donors is strongly infl uencecl by carbon impurities ( 1 1 1- I l3). At an early

stage, it was ¡ss6'gnised that the equilibrium diffusion of the oxygen would have to be enhanced

by about an orcler of nragnitucle to explain the observecl kinetics.

Many of the techniques usually employed to investigate the structure of defects in

semiconductors, such as hyperfine magnetic resonance method and local mode vibration

investigations, do not yield information on other grown-in defects in Cz-silicon. The methocl of

electron nuclear double resonance (ENDOR) has been used by other workers to demonstrate the

presence of oxygen in thermal donors in silicon (114). Experimental investigations of impurity

centres containing two oxygen atoms have been made by a variety of methocls (115-118).

Calculation of electron structure ancl geometry of a VO, (vacancy + 02) complex were first made

by the semi ernpirical method (119). By using the positron annihilation technique, Dannefaer ¿/.

al. (120-126) reported systematic study of vacancy-type defects in Si specimens and demonstrated

that the positron annihilation technique can be used as a microscctpic tool for vacancies and their

various agglomerations. Dannefaer also reported that positrons can be trapped by interstitial

oxygen clusters and the lifetime of positrons trapped by such defects ( 100 ps) is shorter than that

of positrons annihilated in the bulk ( 218 ps) in Cz-Si specimens (lZ7,l2B).

6.2 ÐEFÐC'[' CFIATTACTÐNIS'NTCS ACN*OSS S[ ¡,NCON WAT'ET¿.S

It is generally accepted that point defects play an important role in the precipitation process as

evident by a multitude of observations of oxygen-defect complexes afier heat treatment (129). As

a consequence of the cool-down of the silicon crystals grown by Czochralski (Cz) method,
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oxygen precipitation occurs, both hornogenously and inhomogenously. Previous investigations

were done by Dannefaer et al. (130) where it was founcl that significant differences in the clefect

characteristics can be detected across a given rvafer and that heat treatment can give rise to

interesting irnpurity-defect complexes, at least at a transient level (131).

6.2"X. Samples

The wafers investigated here were p-type material with resistivity _10 Clcm. Four sets of wafers

were investigated, set I cut from a boule grown under standard pull speed (0.85mm/min), set II

from a boule grown under medium pull speecl ancl set III liorn a boule grown under fast pull

speed (1.26mm/min). The interstitial oxygen concentration toil for the for sets is arouncl 10lB

lcm3.

These measurements were preformed at four diffelent locations across the wafer start¡ng at 0.5cm

from the edge of the wafer and increasing by an increment of 2cm towards the centre of the

wafer. All the experiments were conclt¡cted at room temperature.

6.2.2 R.esults

Figure 6.1 shows the lifetime data for four different wafers which were grown at different pull

speeds as a function of the measurement positi<ln. For most of the points plotted in this figure,

the average of two measurements are shown. Only for the standard pull speed the points reflect

the results for single measurements. The results exhibit a statistical scatter of 20ps and they lie

within tlre lifþtime range of the monovacancy (270ps) and the divacancy (325ps). Only the

meclium pull speed sample showed a higher lifetinre value of 335ps at the centre of the sample.

The trappingÍate in Figure 6.1 also shows a constant level between0.2 and 0.3 ns-l across the

whole wafer.
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6.2"3 Ðiscussion

There are several interesting observations to be made. One is that both monovacancies and

divacancies are present since the vacancy related lifetime 12 has values which are in betrveen the

monovacancy and the divacancy values. Second, there seems to be no obvious changes in the

lifetime characteristics as one moves from the edge of tïe wafer towards the centre. This is in

contrast to the early study (132) on difïerent wafers which showed signilicant change in the defect

concentration and distribution across a given wafer. It seems that the present wafer material is

more homogenous despite the fact that the wafers are six inches in diameter as compared to four-

inch wafers investigated in (132).

The third and final observation is that there seem to be no influence of the pull speed on the

concentration of vacancy-type defects and their distribution across the wafers.

6.2.4 Conclusion

The positron data have shown that no obvious systematic variation in the defect confìguration

over the cross section of a given wafer. The data also show a homogenous distribution of

vacancy-related defects across the wafer in contrast to what has been found in Ref. (I32). Finally,

the pull speeds during the growth of the ingots have no apparent influence on the defect

characteristic across the six-inch Cz-silicon wafers.

6.3. HÐAT TR.Í'AT'MENT'{NÐUCED ÐEFECT'S NF{ CZ-SILICON

This section deals simply with the investigation of vacancy-type defects induced by heat

treatments such as RTA and furnace annealing in the Cz-silicon material. The sarnples usecl in

this investigations were B-cloped material and heavily Sb-doped material. The focus of the

investigation is directed towards examining the type of defects observed in the material, the role

of the dopant in trapping of vacancies and the temperature dependent configurations of tle

complexes.
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6.3"1. Samples

Four sets of samples were investigated. Set I was boron doped (-10 flcm) and contained

-1.5x1018/.*3 
o^ygen interstitials and less than 

-1x10157.nt3 
substitutional carbon. 'Ihis set was

subjected to rapid thermal annealing (RTA) between 600 and 100ryC. A different wafer was

used for each RTA temperature. Set II samples (of the same type as in Set I) were subjected first

to a particular pre-heat-treatment (denoted CES-6), as shown in Figure 6.2. This reduced the

(average) oxygen interstitial concentration to 1.8x1017/cm3, but subsequent RTA annealing

between 700 ancl 800C increased the (average) concentration to 1x1018/cm3. Set III samples were

heavily doped with Sb (0.01-0.02 flcm) and heat-treated by RTA only, while set IV samples

received the same pre-heat treatment as for the set II samples.

L)

CJ
L
:l
rú
L
Crô
E
U
F

i100

900

600

Figure 6.2 Schente for the CÐS-6 pre-heat-treatnrent employed for sample sets ã[ and IV.

6.3.2" Ftesults

Figure 6.3 displays the defect lifeti¡ne 12 for set I and II samples, and the trapping rates. A

trapping rate of lns'l corresponds to a vacancy concentration of lxl0l7 /cm3. 'l'he fact that the

values for 12 are larger than the bulk lifetirne l2lï ps in silicon (133)l shows that the defects

cletected are of vacancy-type. In the case of the set I sarnples (filled circles in Figure 6.3) the
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Ärigure 6.3 Trapping rates x2and defect lifetime 12l<tr as-gro\.v¡t R.TA, trqrted and CES-6
pre.treated boron doped Cz-Si. The times indiclte R.TA duration.

effect of RTA is initially to decrease the value of 12 from 270 to =250ps and later on (=9gg

C) to 240ps. The lifetime of 270ps in the as-grown samples arises from monovacancies (133).

The trapping rate increases rather abruptly upon RTA betrveen 600 and 700 C but stays constant

between 650 and 1100C at a level 2 times higher than for the as-grown material.

For set II, the pre-heat-treatment itself results in a lower positron lifetime of 250ps and the

amount of vacancies is increased slightly compared to the untreated case. The RTA treatment

further reduces the positron lifetime (to 240ps), but results in a similar behaviour of the trapping

rate as found for the set I samples.

Since changes in trapping rate as well as in lifetirnes can be effected by changes in the charge
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state of the defects (134),low temperature measurements were also conducted. In particular, net

negatively charged vacancy complexes woulcl show a strongly increased trapping rate at low

temperatures. In Figure 6.4, we have the results for 3 different samples,,2 from Set I and I

from Set II. Between 30 and 300 K the 3 samples exhibit only a weak temperature dependence

(r2 increases with temperature), which rules out the presence of negatively charged defect

complexes.
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Fìgure 6.4: Low temperature results for 3 boron doped samples subjected to heat-treatments
as indicated by a RTA at 8500C. o RTA at 900: 0C. A RTA at 90trC plus CES-6 pre-
treatment.

o

o

û -- u\ \
ì̂J

The heavily Sb-doped samples were only investigated at room temperature. As shown in Figure
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6.5, the heavy Sb doping does not change the value of the defect lif'etime, and increases only

slightly the trapping rate. RTA, either on as-grown or on CES-ó pre-treated santples, resuits in

a behaviour much different from that shown in Figure 6.3.
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Figure 6.5: T'rapping rate x2and defect lifetime 12lor as-grown RTA treated and CES-6

pre.treated Sb-doped Cz-Silicon. Curves shoryn are only intended as a guide to tlte eye"
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6.3.3 ÐXSC{JSSIOt{

For both the B-dopecl and the Sb doped samples, ilre value of 12 indicates that in as-grown Cz-Si

the vacancies, which must be bound to some trap, are unperturbed in the sense that their open

volume corresponcls to that for free monovacancies. The amount of trapped vacancies is 0.4

(B-cloped) ancl 0.6 (Sb-<loped) x 1017/crn-3 using the calibration for neutral clefects as found by
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Mascher et al (134). Vacancy-traps in this concentration range would Iikely be oxygen clusters

(in the B-doped material) as suggested earlier (135,136). This rneans that a considerable fraction

of all available oxygen is in a clustered form.

The observation that RTA has an effèct o¡r the as-grown samples at all is somewhat surprising

in view of the fact that during the cool-down of the original ingot the samples spend a

considerably longer time at any temperature than they did later on during the RTA. To explain

<lur observations on the B-doped sanrples we suggest that due to the fast cool-down of the RTA

treated wafers, high-temperature configurations of the grown-in vacancy-impurity complexes can

be quenched in. These are missing in the slowly cooled wafers thus accounting for the increase

in trapping rate with RTA (see Figure 6.3). RTA does not appear to create additional complexes

beyond those which are grown-in since the trapping rate is constant above 650 C.

The high-temperature configurations corresponds to a "squeezed" vacancy-impurity complex

because the r2lifetime clecreases from the 270ps level. From Figure 6.3 we note that CES-6

furnace annealing of the wafers also clecreases the value of 12 and increases the trapping rate.

In view of the above, this can also be explained by the faster cooling rate from 900 C of the

wafers than for the original ingot, albeit not as fast as for the subsequent RTA treatments.

The RTA of the CES-6 pretreatecl samples indicate that the quenched-in vacancy-intpurity

complex is made observable already at 650 C and is inrlependent of temperature up to 1000 C.

The characteristic lifetime is close to 240ps. For the as-grown sarnples this lifetime is first found

after 900 C of RTA which inclicates that the defects responsible for the 270ps lifetime transform

into the 240ps species. The constant level of 250ps between 650 and 850 C is sinrply the

weightecl average of the 270ps ancl the 240ps lifetimes. We note that this indication for the

thermal instability of these defects is supported by the observation that the 27lps lifetime was not

prominent after the CES-6 treatment rvhich hacl a "fitst" cool-rlorvn from 900 C. We finally note
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that the constant level of the trapping rates for the CES-6 treated samples is 25 % higher than

for the as-grown materials. This may well be related to a higher oxygen cluster concentration

as suggested by the significant decrease in the average interstitial concentration.

'fhe lorv temperature measurements sr¡ggest that further complexes can be detected at low

temperatures in which the vacancies are even f'urther "squeezed". These are not observed at

higher temperatures probably because they are shallow traps.

For the Sb-doped samples, it is evident from Figure 6.5 that Sb significantly modifies tle

annealing behaviour. In particular, annealing at 650 C indicates forrnation of divacancies (5),

and, generally, vacancy responses are above 260ps. Sb at high concentrations appears to

dominate as a vacancy trap.

6.3.4 CONCT-{JSIOIN

The present positron lifetime investigations show that vacancies are retained in Cz-grorvn Si. The

vacancies are probably trapped by oxygen interstitial clusters during the cool-down of the ingot.

In slowly coolecl samples, a Iifetime of 270ps indicates unperturbed monovacancies. In rapidly

cooled samples, RTA indicates that perturbed ("squeezed") vacancies exist between 650 and 1000

C, and that the unperturbed vacancies transform to the perturbed ones around 900 C. In heavily

Sb-doped samples, Sb appears to dominate as a vacancy trap.

6.4 T {E EF'F'ECTS OF'OXYGÐN TN'NÐRS'['['['[A{.S AND CAITEON TIVIPUIIITXNÌS ON

T'fi Ð T[[ÐRI\{AX- ÐONOR E(ÏNÐ'['[CS

Oxygen and carbon are the two most common irnpurities unintentionally introduced during the

crystal growth of silicon by various methods. Their behaviour has extensively been investigated

for several clecacles (137,138) because of their potential influence on the quality of various silicon
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electronic devices. When distributed homogeneously in the crystalline bulk as point-type defects,

they are electrically inactive and harmless. Florvever, during high temperature processing steps,

they may migrate, interact, and pair with other clefects forrning new electrically active complexes

or promoting different precipitating processes.

Most of the studies have been done on Cz-grown silicon crystals (139) with supersaturated

oxygen concentration in excess over the carbon c<lncentration. It has been indicated previously

(I40,14I) that the ratio of oxygen-carbon concentration may influence signifìcantly the

precipitation processes at high tenìperatures; tlìat is, the high carbon silicon may behave

differently. 'fherefìrre, in this study we present ne"v results on defèct interactions ancl the efÏècts

of carbon impurities and oxygen interstitials on the thermal donor kinetics.

6.4.1 Samplæ

The specimens used in these experiments were cut from a p-type boron doped Cz-silicon wafers.

The concentrations of interstitial oxygen and substitutional carbon atoms were determined by

Fourier transformation infrared (FTIR) with the results prescribed in Table I. The samples had

TAtsn E n. T'he chanacteristiûs of specimens.

Crystal

A

B

Res. (0 cm)

first undergone 450oC furnace annealing fur a tinre cluration of 64 hours, in order for the thermal

donors to be generated. After only one hour of filrnace annealing treatment, the nlaterial changed

the conductivity type from a p-type to n-type. The resistivity of crystal A was 0.9 ohm-cm after
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receiving 64h of annealing. In the case of crystal A, some samples were investigated during the

thermal donor generation. After the 64h of annealing, the samples were treated by rapid thermal

heat treatnlent for 2,5, and 10 seconcls fur various tempcratures ranging fro¡n 650 to 80LFC,

while 2 and 5 seconds were ernployed at temperatures between 850 - l000oC.

The thermal donor annihilation kinetics studies showed that the sample which was treated for 2

seconds of rapid thermal heat treatment changed the conductivity type from n-type back to the

original p-type between 725 andTÍVC at which point the resistivity was about 55 0-cm.

Heat treatments at lower temperatures lvere done at our laboratory where the samples were placed

inside a horizontal AlzO3 tube so that the samples rested along two edges only. Sample B, after

64h1450 C annealing has been subjected to RTA treatment at125 C for 2,5, and 10 seconds. All

lifetime measutements in this section were conducted at room tentperature.

6.4.2 Results

All the points plotted in the figures are an average of 3-5 measurements. In Figure 6.6 is shown

on the top panel the variation of the total concentration of thermal donors generated at 450 C

versus heat treatment cluration. The thermal clonor concentration increased rapiclly from 0.2xl0l5

cm-3 to a level of 5.1x101s cm-3 ¡n a periocl of annealing time between 0.5h to 32h, after which

it started to level òff towarcls a saturation level of 5.5x1015 cm-3 for the rest of the annealing

duration up to 64h. Also in Figure 6.6 are shown the clefect lifetime 12 (middle panel) and the

trapping rate r< (lower panel) as a fi.rnction of annealing time. We observe from the defect lifetime

panel that there is no change in the defect lifeti¡ne up to 32h of annealing and the value for 12

is _2761t*'l'he clcf'cct lif'ctilne thcn bcgan to iltcrcaso reacltitrg a value \tf r" :307¡rs as the

annealing time increased from 32h to 64h. 'l'he trapping rate in the lower panel has a constant

value : 0.34 ns-l between 0.5h ancl 32h of annealing and then decreased to atrout 0.2 ns-l after

64h of annealing.
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Figure 6.6. Crystal ¿\, has undergone pre.heat treatment at 450C for the fhermal donor
generation.

The collection of results plotted in Figure 6.7 represents rapid thermal annealing of samples in

the temperature range of 650 - 1000C. We observe that annealing at 650C results in no change

in the defect lifetime z2 (310ps) ancl that the trapping rate was constat at a value of r : 0.2ns-1.

The thermal clonor concentration is constant after 2s of RTA annealing at a value of 5xl015 cm-3.

At 700C, the results showed slight inrlication for a decrease in the trapping rate but the lifetime

remained constant at the same level as before. During this annealing all the thermal donors have

been removed.

Af.725C the defect lifetime decreases towards 270ps and this decrease is realized also at 750C

, albeit at a faster rate. BetweenTT5C and 900C, the lifetime tends to increase after the initial

decrease. Finally, at 1000C the lifetime steadily clecreases, reaching a low value of 260ps. The

trapping rate increases during the clecrease in the lifetinle values and decreases during the
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subsequent increase in Iifetimes with temperatures at or above 775C.

The data shown in Figure 6.7 are represented in Figure 6.8 which displays the development with

temperature for a fixed time (2s, 5s or 10s) of RTA at each temperature. This figure indicates

clearly that the vacancies present initially in the sarnples are transfcllmed to monovacancies, as

indicated by the lifetime value of 270ps, between 725C (l0s RTA) and 800C (2s RTA) and that

subsequent higher annealing temperatures result in an increased contribution from vacancy

agglomerations.

Figure 6.9 shows isothernral annealing experiments at 725 C for the samples containing zero

crbon concentratioll. The results of the figure shclrv that as I'D concentration clecreases from
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2xl0t6 cm-3 to 0.3x1016 cm-3, the clefect lifetime

increased slightly from 284ps to 30lps while

the trapping rate clecreases from 0.32 to 0.22 ns-l.

We note that the ther¡nal donor concentrations is

higher in this than sample in the carbon containing

samples (Figure 6.7,6.8). We further note that the

time developments of 12 and r do not correspond to

that displayed (at 725oC) in Figure 6.7.

6.4.3 Ðiscussi<ul

The interpretation that can be drawn fìom the results

shown in Fig. 6.6 is that the concentration of thermal

donors rapidly increases during the first 16 hours of

heat treatment and slowly approaches a level of

saturation of 5.5x1015 cm-3 after 20 hours of

annealing. During the formation of the thermal clonors

no changes are occurring in the lifetime parameters

until after 32 hours of annealing. It is not surprising
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that thermal donors are ineffective positron traps since they are positively chargecl.

Since the bulk lifetime was constant (214 with uncertainty of 5ps in good agreement with the

established bulk lifetime ç¡f 218 ps) throughout the heat treatments this indicates that oxygen

clusters, as fbund by Dannefaer et al (142), are not founrl in detectable amounts.

During the fìrst 32 hours of annealing, the vacancy related lifetime rz was constant at 278 ps.

Thislifetirneisbetweenthatformonovacancies2T0 ps, (143)andthatforthedivacancies325ps
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(143), showing that both types of vacancies contribute to the observed lifetime. 'l"he balance

between the amount of' these vacancies rernain constant up to approxinrately 32 hours of

annealing.

The argument that can be made for not seeing any changes during 32 hours of annealing is that

the average migration distance for the oxygen interstit¡als and the distance between two nearest

vacancies are somewhat large in orcler for them to get trappecl by the vacancy traps. The average

migration distance can be calculated according to the following:

Where t is the annealing time and D is the diffusitivity of interstitial oxygen and has found to be

$a$ ;

Substitutingfort:1.lxlds(32hrs.) anrlT:723 K,thediffusitivityDisequal to3.29x!0-re

cr*ls. The average migration clistance as calculatecl using Eq. (1) is founcl to be 
-19,Ä. 

where in

reality it is ten times higher than the calculatecl value. The calculations of the clistance between

two vacancies is given below as an illustration as to why there was no detectable variation during

the 32h of annealing at 450C. The r2lifetirne is a rveighted average of the mono-antl divacancy

lifetimes:

<t> =,lDt

D=o.t7exp(-L.54tk7) cm2ls

(l)

(l rrr,+l ¿r¿)T.=-" (l ,'*I ¿)

I2=1,'tl o

(2)
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where 12 is the defect lifetime obtained liom figure.6.6, ru is the monovacancy lifetime, r¿ is

the divacancy lifetime, Iu is the intensity for the monovacancy and Io is the intensity for the

divacancy and 12 is the intensity of the defect.

Using the trapping model which was discussecl earlier in section 2.6.2 we will be able to calculate

the concentration of these defects. The trapping rate for two deep traps will be as follows:

oo='4t!- t *t' -t',
Il TB Tv Td Tv

where rs is the bulk lifetime and 11 is the intensity for the short lived lifetime component.

Evaluating the values of all the parameters at t: 32 hours of annealing, it has been found that

the clivacancy concentration is equal to - 3x1015 cm-3 and the mono vacancy concentration is

equal to -2xl0l6 cnr-3. So in orcler to cletermine the clistance between two vacancies we obtained

the number of silicon atoms per vacancy to be equal to - 2x107. Thus the average distance

between two vacancies is cletermined by <l¿> = (N¿)1/3 x (distance between two nearest

atoms), where N¿ is the number of Si atonls per clivacancy and the value was found to be 5004.

As we have mentioned above, the actual migration distance is ten times higher than the calculated

value (i9Ä). This result explains to a certain extent the reason for not seeing any variations

during 32h of annealing.

The resultof Figures 6.7 and 6.8 are a collection of RTA measurements atvarious temperatures

between 650C and 1000C. As the thermal donors get annealed out at 650C (where in fact they
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change configurationally), we notice no change in the lifetime as well as in the trapping rate

which agrees with the absence of an effect when they are created. As temperature increases to

725C, the defect lifetime decreases from 308ps to a monovacancy level of _ 270ps and the

trapping rate increases from - 0.2ns-l to 0.35ns-1. When we get to a higher temperature 775C,

the monovacancies become unstable and very mobile. Meanwhile, the oxygen interstitials tend

to form larger and more stable clusters, so we see an increase in the defect lifetime to the original

value of 308 ps (close to the divacancy level of 325 ps), and the trapping rate declines to the

original value as well.

At 1000C, the lifetime decreases to a low value of 260ps and the trapping rate increases to a

value of 0.35ns-1. The data obtainecl in section 6.2 for the RTA heat treatment incluced defect

showecl that the high ternperature conl'igurations (>900C) correspond to a "squeezed" vacancy-

impurity complex with a lifeti¡ne of 240 ps. in comparison to the results obtained in this section

at 1000C, it is suggested that such "squeezed" vacancies are formed.

Figure 6.9 shows the results obtained for the samples containing no carbon concentration. Several

observations'can be macle; One is that the results indicate a slight increase in the trapping rate

compared to the i.5 ppm carbon doped sarnple at the same temperature. A second observation

is that there a relatively more monovacancies than divacancies compared to the carbon doped

samples. The third observation is that the thermal donor concentration is also higher in the non

carbon doped santple than in the carbon doped ones and this can be expected since carbon can

suppress the thernlal donor formatiOn.

6.4.4. Conclusir¡¡r

The results show that during thermal donor generation at 450C, the monovacancy response

decreases relative to the divacancy response after 32h of annealing time. The RTA of the thermal

76



donors indicates a process which begins to take place at 725C rluring which the divacancies are

converted into a monovacancies. No correlation was evident between thermal donor

concentration and vacancy response. The results of the samples without carbon cliffe¡:ed

significantly from the samples with carbon. Further research is necessary in orcler to have a

better understantling of the behaviour of carbon in thcse sanrples.
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